Aiming at enhancing reactive power compensation (RPC) capability of the traditional singlephase bridgeless rectifier, a 2.5kVA circuit topology composed of a single-phase bridgeless rectifier and a third-order tuned LC series branch in parallel connection is proposed. The corresponding control strategy using the third harmonic injection pulse width modulation (THIPWM) technique is also presented, which enables the proposed single-phase bridgeless rectifier to operate under varied power factor with the nearsinusoidal current at the point of common coupling (PCC). The principle of the proposed topology is discussed in detail and reactive power compensation capability of the proposed single-phase bridgeless rectifier under a certain amount of active power to be transmitted to the load is studied. Simulation and experiment results are given to validate the feasibility of the proposed circuit topology and the correctness of the theoretical analysis.
I. INTRODUCTION
Nowadays, power quality is seriously influenced by the increasing penetration of various power electronic devices connected to the grid. In order to improve the power quality, specifically designed static var compensators (SVCs), static var generators (SVGs), and active power filters (APFs) have been widely used with satisfying performance for reactive power compensation (RPC) and harmonic current compensation (HCC) [1] . However, with the increasing utilization of distributed generation systems in recent years, more and more researchers believe that integrating the RPC and HCC functionality into the existing popularly used bidirectional or unidirectional power converters might be a better and more cost-effective solution for power quality management [2] - [13] . Compared with the bidirectional power converters, unidirectional power converters are used more widely because of their series of advantages such as having fewer fully controlled power switches, simpler
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A number of papers have investigated the possibility of incorporating power quality functionality into unidirectional power converters, but most of them just focus on the incorporation of HCC functionality [6] , [9] . In [8] , the control method of applying unidirectional converter to compensate reactive power and harmonic current generated by the diode rectifier bridge with resistance-inductance load was studied. It is concluded that the unidirectional converter has a strong capability of HCC and relatively limited RPC. In order to increase the RPC capability of the three-phase unidirectional converter, the existing methods are basically realized by controlling the voltage between the star-connected neutral point of three-phase power supply and the star-connected neutral point of three-phase rectifier bridge. Reference [15] proposed a method to suppress zero-crossing distortion of the input current for a three-phase satellite bridgeless rectifier by controlling neutral point voltage in dq coordinate. Reference [19] proposed an improved one-cycle control strategy to suppress zero-crossing distortion of the input current for the three-phase Vienna rectifier. Reference [20] proposed a novel carrier-based PWM method for Vienna rectifier with a variable power factor. Based on the same principle, [21] adopted a zero-sequence component injection modulation method with compensation for the current harmonic mitigation of a Vienna rectifier.
However, compared with the three-phase unidirectional rectifier, the single-phase unidirectional rectifier lacks the controllable variable about voltage between three-phase power supply star-connected midpoint and three-phase rectifier bridge star-connected midpoint. In [10] , the RPC capability in unidirectional converters was mentioned briefly, but no further analysis was given. Based on the topology composed of a single diode bridge and a boost converter, [11] discussed the feasibility of integrating RPC functionality into a unidirectional electric vehicle charger. It is concluded that this kind of rectifier can only provide a very limited RPC to the grid because of the input current distortion. Simulation results show that when input current lags the source voltage by more than 8 • , the total harmonic distortion (THD) of input current will exceed 5%. In [12] , the capability of a single-phase bridgeless rectifier for RPC and HCC was investigated, input current distortion caused by phase shift is analyzed theoretically in detail, but the given conclusion is similar to that given by [11] . From all the above-mentioned references, it can be seen clearly that the capability of RPC for unidirectional rectifier is greatly restricted by input current distortion. Hence, the key technology for incorporating RPC functionality into the unidirectional converter is to find a way to mitigate input current distortion. However, no satisfying solution regarding input current distortion suppression is proposed up to now.
In this paper, aiming at enhancing the RPC capability of the unidirectional converter, a novel circuit topology and the corresponding control strategy are proposed with the focus on the input current distortion mitigation. In this way, the whole system not only can transmit active power to the load but also be able to provide continuously adjustable reactive power. As a result, the range of reactive power regulation is greatly enlarged due to the effective suppression of the distortion of input current.
The rest of the paper is organized as follows. In section II, the topology and its operating principles are presented and the mechanism causing bridgeless rectifier input current distortion is analyzed. In section III, the principle of selecting the amplitude and initial phase angle for the injected third harmonic voltage is discussed. In section IV, the analysis and comparison between the RPC capability of the bridgeless rectifier under conventional operations and the RPC capability of the proposed circuit topology incorporating the THIPWM technique are carried out. On this basis, the control strategy and modulation strategy are presented in Section V. Simulation and experimental results are provided in Section VI to verify the validity of all the theoretical analysis. Finally, the conclusions are summarized in Section VII. 
II. ANALYSIS OF INPUT CURRENT DISTORTION AND THE METHOD FOR ENHANCING REACTIVE POWER COMPENSATION CAPABILITY A. OPERATING PRINCIPLES OF THE TOPOLOGY
The proposed circuit topology is shown in Fig. 1 , in which an LC series branch is connected in parallel to a singlephase bridgeless rectifier. This LC series branch is designed to resonate at the third harmonic frequency. Note that if only active power transmission is required, the LC series branch should be disconnected from the bridgeless rectifier. In this case, the bridgeless rectifier will be required to operate under unity power factor. If the active power transmission and reactive power compensation are both required at the same time, the LC series branch should be connected in parallel to the bridgeless rectifier and provide a certain amount of leading reactive power at the fundamental frequency. The switch S can be realized by a triode ac semiconductor switch (TRIAC). It should be noted that the power factor of the bridgeless rectifier is controlled to become adjustable. To mitigate input current distortion, a control strategy using the third harmonic injection pulse width modulation is adopted. In this way, although the input current of the bridgeless rectifier contains a certain third harmonic, other harmonics will be suppressed significantly. Since the LC series branch is designed to resonate at the third harmonic frequency, the current at PCC will keep in the near-sinusoidal waveform with no third harmonic. Therefore, if a suitable control is applied to make the bridgeless rectifier to operate under a varied power factor, the proposed circuit topology with help of the presented control strategy can not only transmit active power to the load, but also be able to provide continuously adjustable reactive power compensation.
B. INPUT CURRENT DISTORTION ANALYSIS FOR BRIDGELESS RECTIFIER
To regulate the input current with a continuously adjustable displacement angle is necessary for incorporating the RPC functionality into the bridgeless rectifier shown in Fig. 1 . However, because of the characteristic of unidirectional power flow, whenever the polarities of the current and voltage in the ac side of the rectifier become opposite, the input current distortion appears, which greatly limits the phaseshift control to the input current. In follows, the input current distortion mechanism of the bridgeless rectifier will be analyzed fully.
The steady-state ac side phasor diagram is shown in Fig. 2 (a), where U con * and I s * are the command voltage and command current on the ac side of the rectifier. Assuming the rectifier is required to operate under unity power factor, which means that the command input current I s * is in phase with the source voltage U s , then the voltage across the input inductor U L is orthogonal to I s * . According to the triangle law of vector addition, U con * lags I s * by ϕas shown in Fig. 2 (a), this lagging angle ϕ indicates that during the period of t ϕ (= ϕ/ω) after the input current crosses zero, the input current i s and the ac side voltage u con are required to have opposite polarities. However, due to the unidirectional power flow property, the ac side voltage and current of the rectifier can only have the same polarity. Hence, during this period, the best choice for ac side voltage u con is to keep in zero value, which makes an uncontrollable region appear. In this region, the input current becomes uncontrollable, causing serious input current distortion appears as shown in Fig.2(b) . The heavier the loads are, the more serious the input current zerocrossing distortion is.
From Fig. 2 it can also be observed that if the command current I s * is designed to be in phase with U con * instead of with the U S , I s * and U con * will always maintain in the same polarity. Then uncontrollable region will not exist and input current will keep sinusoidal waveform with no zerocrossing distortion, while in other cases, no matter I s * is controlled to lead U con * or lag U con * , the input current i s will be distorted in an uncontrollable region where I s * and U con * are required to have opposite polarity. More detailed explanation for input current distortion mechanism is shown in Fig. 3 , note that the U con * lagging angle ϕ will change with the change of load. However, as long as the I s * keeps in phase with U con * , the input current i s will not be distorted. In such a case, the intersection point of command voltage U con * and the inductance voltage U L will remain always on the semicircle trajectory OAM , such as point A and A 1 , which will satisfy the condition defined by ϕ = θ. If the intersection point of the command voltage U con * and the inductance voltage U L is inside or outside the semicircle trajectory OAM , such as in point B or C, input current zero-crossing distortion will happen. In point B, ϕ < θ , U con * leads I s * , while in point C, ϕ > θ , U con * lags I s * . In both cases, the phase angle difference between U con * and I s * will require the input current i s and the ac side command voltage u con * to have opposite polarities during a period in each half-cycle, which will cause serious input current distortion according to the previous discussion.
C. THIRD HARMONIC INJECTION PULSE WIDTH MODULATION
From the above analysis, it can be seen that when the polarity of the ac side command current I s * and voltage U con * become opposite, an uncontrollable region will appear in which the input current will be distorted. Therefore, finding a way to keep i s and u con * at the same polarity for as much time as possible will be helpful for mitigating input current distortion. Then a THIPWM technique is proposed in this paper, the principle is illustrated in Fig. 4 . In the proposed THIPWM technique, the third harmonic command voltage u con3h * is injected into the ac side command voltage u con * . As shown in Fig. 4 , in the uncontrollable region, u con3h * is designed to have a larger value than that of u con * and have an opposite polarity, so that the constructed new ac side command voltage u connew * depicted in blue line will always keep in the same polarity with command current I s * in the whole uncontrollable region. Note that although this method will increase the third harmonic frequency component of the bridgeless rectifier's input current, it will greatly suppress other harmonics. And with the help of the parallel-connected LC series branch which is designed to resonate at the third harmonic frequency, the third harmonic current will not appear in PCC. Then the current in the PCC will keep in the near-sinusoidal waveform with the required power factor. In this way, the proposed circuit with the help of the corresponding THIPWM technique will be able to provide a certain amount of reactive current from leading to lagging continuously. And the RPC capability of the bridgeless rectifier will no longer be severely restricted by input current distortion as discussed before. In follows, an analysis for determining the amplitude and the initial phase angle of the injected third harmonic voltage will be carried out.
III. DETERMINATION OF AMPLITUDE AND INITIAL PHASE ANGLE OF THE INJECTED THIRD HARMONIC VOLTAGE
Consider that the grid voltage and current are respectively given by:
where U gm and I gm are the peak value of the grid voltage and current, ω is the angular frequency, and θ g is the phase angle between the grid voltage and grid current. Assuming the bridgeless rectifier input current i * s lags u g by θ and can be expressed as:
where I sm is the peak value of the current, according to the input-output power balance rule, I sm and θ can be calculated respectively as:
where U dc is the dc side output voltage, R is dc side load, U sm is the peak value of the input voltage of bridgeless rectifier, and i * q is the reactive current command. Assuming the third harmonic voltage injected into the ac side command voltage u con * can be expressed as:
where U con3hm and ϕ 3h are the amplitude and initial phase angle of the injected third harmonic voltage, respectively. Then the third harmonic current i con3h * caused by the injected third harmonic voltage u con3h * in the ac side of bridgeless rectifier will be expressed as:
Assuming the ac side command voltage of bridgeless rectifier can be expressed as:
According to the law of cosines in Fig. 3 , the amplitude U con * and the desired lagging angle ϕ can be obtained as:
After the third harmonic voltage injection is adopted, the new constructed ac side command voltage u * connew can be expressed as:
In order to make the input current contain as few third harmonic as possible, the injected third harmonic voltage should take the minimum allowable amplitude. The principle of selecting the amplitude U con3hm and the initial phase angle ϕ 3h are shown in Fig. 4 . The value of the amplitude U con3hm is designed to be equal to the value of u * con at point P, and the negative peak of the injected third harmonic voltage is designed to correspond to the zero-crossing point of the input current i * s . In this way, in the above discussed uncontrollable region (ϕ, θ), the new constructed ac side command voltage u * connew and the input command current i * s will always keep in the same direction, instead of in opposite polarity as before. The values of the amplitude U con3hm and the initial phase angle ϕ 3h of the injected third harmonic voltage can be determined by:
It should be pointed out that two constraints still need to be considered when determining U con3hm and ϕ 3h . One is that the selected U con3hm and ϕ 3h should keep the new bridgeless rectifier's input current command and ac side command voltage u con * in the same polarity as far as possible, the new input current is composed of the original fundamental current i s * and the injected third harmonic current i con3h * components. Another one is that the generated ac side command voltage u connew * cannot exceed the dc output voltage U dc . Otherwise, overmodulation will happen and it will make the system become unstable and cause quite a lot of harmonics appearing. It should be noted that the peak value of the injected third harmonic voltage is corresponding to an angle of 5π/6-ϕ 3h .
Since U L is small in the practical circuit, ϕ is much smaller than θ. Therefore, the angle corresponding to the peak value of the injected third harmonic voltage can be approximately taken as the angle corresponding to the peak value of the new constructed ac side command voltage. The two nonlinear constraint condition can be expressed as:
IV. ANALYSIS OF REACTIVE POWER COMPENSATION CAPABILITY A. CONVENTIONAL OPERATION OF BRIDGELESS RECTIFIER
The reactive power compensation capability of the bridgeless rectifier is limited by two factors, which are the rated power and current THD of the bridgeless rectifier, respectively. Therefore, it is necessary to analyze the maximum power factor angle of the bridgeless rectifier in the rated power range first.
The apparent power S BR of the bridgeless rectifier is related to the active power P BR and displacement phase angle θ, which can be expressed as:
It should be noted that when a bridgeless rectifier operates under the unity power factor, the value of apparent power is equal to the value of the rated power P e , at which time the apparent power of the bridgeless rectifier is denoted S e . When the active power of bridgeless rectifier becomes k(0 < k ≤ 1) times of the rated power, in order to ensure the apparent power not exceed its rated power (S BR ≤ S e ), the relationship between the maximum displacement phase angle θ max and the coefficient k should satisfy:
Fig . 5 shows the theoretical maximum displacement angle θ max versus the active power of bridgeless rectifier when rated power P e is 2500W.
Based on the maximum displacement phase angle that the bridgeless rectifier can operate, the current THD of the bridgeless rectifier is analyzed as follows. Reference [22] gave detailed analysis to input current zero-crossing distortion of bridgeless rectifier operating under different power factors, which indicates that the THD of the input current is determined by both the active power transmitted to the load and the displacement angle θ g . As the previous discussion, it should be noted that the input current will not be distorted on the condition of ϕ = θ. If the transmitted active power increases or the displacement phase angle decreases, ϕ > θ will occur. In this case, THD of the input current will always be kept less than 5% according to the analysis of the input current waveform in [22] . While if the transmitted active power decreases or the displacement phase angle increases, ϕ < θ will occur, under which the input current will become seriously distorted according to the analysis given by [22] . Fig. 6 shows the curves of input current THD versus displacement angle at different DC output power respectively based on a practical case in which the main parameters are U g = 110V, L = 2.5mH, C = 2200µF. The switching frequency is 10kHz. It should be noted that the curves shown in Fig. 6 show the ranges of lead-to-lag power factors are limited by the rated power of the bridgeless rectifier. Fig. 6 (a) shows that the bridgeless rectifier operates under conventional operation. Taking the practical apparent power to be less than the rated capacity and THD of the current to be less than 5% as restriction conditions, the adjustable reactive compensation range of the proposed system is in the area framed by red rectangles. It can be seen that the adjustable range for the power factor is very limited, especially when it operates under the leading power factor.
B. THE PROPOSED TOPOLOGY INCORPORATING THIRD HARMONIC INJECTION PULSE WIDTH MODULATION(THIPWM) TECHNIQUE
The above analysis indicates that the leading reactive power which can be provided by a bridgeless rectifier under conventional operation is very limited. Therefore, in the topology proposed by this paper as shown in Fig. 1 , an LC series branch is added in parallel connection with the bridgeless rectifier to provide a certain amount of leading reactive power, while the bridgeless rectifier itself is controlled to operate in varied lagging power factor. In this way, through regulating the reactive power provided by a bridgeless rectifier, the whole system will have a much more extended range of reactive power compensation from leading to lagging. Two factors should be considered in determining the inductance and capacitance of the LC series branch. One is that the branch should be able to provide a certain amount of leading reactive power at the fundamental frequency under the requirement of the system. And the other one is that the LC series branch should be designed as a third-order tuned harmonic filter. The reactive power provided by the LC series branch at the fundamental frequency can be expressed as [23] :
To make the LC series branch to be resonant at the third harmonic frequency, the parameters of L f and C f should satisfy:
The maximum reactive power of bridgeless rectifier Q BRmax can be expressed as:
In most cases, loads are inductive. Therefore, the proposed system is designed to provide a variable leading reactive power. The absolute value of the leading reactive power provided by the LC series branch can be set to the absolute value of the maximum reactive power provided by the bridgeless rectifier:
It can be seen from (16) that when the displacement angle is determined, the reactive power provided by the bridgeless rectifier increases with the increase of the active power. However, the reactive power that the bridgeless rectifier can provide is also related to the THD of input current. As can be seen from Fig. 6 (a) , when the rated power is constant, the maximum reactive power that the bridgeless rectifier can provide is exactly where the active power and the reactive power are equal. Therefore, based on the principle that the active power and the reactive power that bridgeless rectifier can provide is equal, substituting (14), (15) and (16) into (17), the parameters of the LC series branch are obtained as C f = 414µF and L f = 2.75mH. Considering the practical value of the ac capacitor, the parameters of the LC series branch are set as C f = 400µF and L f = 2.8mH. In addition, considering the parasitic resistance in the actual inductor and the equivalent series resistance of the actual capacitor, the simulation model of the LC resonant circuit is composed of an inductor, a capacitor and a resistor connected in series. The value of the resistor is selected as 0.05 . Fig. 6 (b) shows curves of THD for PCC current versus displacement angle at different dc output power respectively after the LC series branch is added to the bridgeless rectifier. Take the practical apparent power to be less than the rated capacity and THD of the current to be less than 5% as restriction conditions, the adjustable reactive compensation range of the proposed system is in the area framed by red rectangles. It can be seen that compared with Fig. 6 (a) , the range of power factor angle is moved from lagging to leading and the whole range of power factor angle is extended. It should be noted that the leading power factor angle that the modified bridgeless rectifier can operate decreases because of the rated power limitation.
The THIPWM technique is activated based on the same practical case, as shown above, Fig. 6 (c) shows curves of THD for PCC current versus displacement angle at different dc output power respectively. Take the practical apparent power to be less than the rated capacity and THD of the current to be less than 5% as restriction conditions, the adjustable power factor angle range of the modified bridgeless rectifier is in the area framed by red rectangles. It can be seen that compared with Fig. 6 (a) and Fig. 6 (b) , the whole range of power factor angle is extended, especially the leading displacement angle increases significantly.
On the basis of obtaining the above adjustment power factor angle, Fig. 7 shows the upper and lower limits of reactive power compensation at different dc output power for the single-phase bridgeless rectifier and the proposed scheme in this paper under different dc output power. In the figure, the positive value of Q denotes lagging reactive power, while the negative value of Q denotes leading reactive power. It can be seen from Fig. 7 (a) that the leading reactive power that the traditional bridgeless rectifier can provide is very limited. However, as shown in Fig. 7 (b) , the leading reactive power that the proposed scheme can provide is greatly increased.
V. CONTROL STRATEGY AND MODULATION STRATEGY
The MATLAB/Simulink based block diagram for the implemented controller and modulation module for the proposed circuit topology is shown in Fig. 8 . The proposed control method can be achieved based on the traditional double closed-loop control strategy. The d-and q-components of currents drawn by the bridgeless rectifier can be expressed as:
It should be noted that only the continuous conduction mode is considered in this paper. This is because, for the traditional bridgeless rectifier, the reactive power can only be supplied when active power is transmitted. And the reactive power that the traditional bridgeless rectifier can provide decreases as the active power decreases, as shown in Fig. 7 (a) . When the load resistance of the converter is very light, it will work in the discontinuous mode. In this case, the reactive power that the converter can provide is very small.
For the modulation strategy, the first step is to determine whether the third harmonic voltage should be injected. As mentioned above, on the condition of ϕ > θ, there is no need to inject third harmonic voltage, so the modulation will remain normal. On the condition of ϕ ≤ θ, the THIPWM technique should be adopted in the modulation module.
VI. SIMULATION RESULTS AND EXPERIMENT RESULTS

A. SIMULATION RESULTS
To verify the effectiveness of the proposed circuit topology and the corresponding control strategy, a 2.5kVA proposed device is carried out in the MATLAB/Simulink environment. In order to verify the proposed device with enhanced adjustable power factor angle capability from leading to lagging, the waveforms of a 1250W load resistance are taken as an example. The main parameters are shown in Table 1 .
It can be seen from Fig. 6 (a) that when the controlled lagging angle of the bridgeless rectifier is small, the THD of the grid current can be less than 5% if the LC series branch is added to the bridgeless rectifier. When the lagging angle of the bridgeless rectifier increases, the THIPWM technique should be activated. In this case, the power factor angle for the proposed topology is relatively small because of the existence of the LC series branch with the restriction of the THD of grid current less than 5%. Therefore, taking the power factor angle θ g = −18 • as an example, the waveforms before and after the application of the proposed theories are given under the leading reactive power compensation. When only a single-phase bridgeless rectifier is employed, there is an uncontrolled region between the bridgeless rectifier input current i s and the ac side command voltage u con * as shown in Fig. 9 (a) . It can be seen in Fig. 9 (b) that this uncontrolled region makes the grid current distorted seriously. After adding the LC series branch in parallel to a single-phase bridgeless rectifier incorporating the THIPWM control strategy, whose amplitude and initial phase angle are U con3hm = 108 V and ϕ 3h = 2.36rad, respectively when the i * sq is set to 16A. In this case, the new constructed ac side command voltage u connew * and the input current i s of bridgeless rectifier are controlled to keep nearly in the same direction as shown in Fig. 9 (c) . The grid current flows in leading displacement angle with a near-sinusoidal waveform as shown in Fig. 9 (d) . Fig. 9 (e) shows the harmonic spectrum of the grid current, it can be observed that the third harmonic component is fully absorbed and the other odd harmonics are reduced as well. In consequence, the THD of the grid current is reduced significantly. The THD value of the grid current is 15.23% when there is only a single-phase bridgeless rectifier, while the THD value of the grid current is decreased to 2.56% when adding the LC series branch incorporating THIPWM technique.
Taking the power factor angle θ g = 20 • as an example, the waveforms before and after the application of the proposed theories are given under lagging reactive power compensation. When only a single-phase bridgeless rectifier is employed, the uncontrolled region between the bridgeless rectifier input current i s and the ac side command voltage u con * is very large as shown in Fig. 10 (a) , and this uncontrolled region makes the grid current distorted seriously as shown in Fig. 10 (b) . After adding the LC series branch in parallel to the single-phase bridgeless rectifier incorporating the THIPWM control strategy, whose amplitude and initial phase angle is U con3hm = 157 V and ϕ 3h = 1.56rad, respectively when the i * sq is set to 28A. In this case, the new constructed ac side command voltage u connew * and the bridgeless rectifier input current i s are made to keep in the same direction as shown in Fig. 10 (c) . The grid current flows in lagging displacement angle with a near-sinusoidal waveform as shown in Fig. 10 (d) . Fig. 10 (e) shows the harmonic spectrum of the grid current, it can be observed that the third harmonic component is eliminated completely and the other odd harmonics are mitigated significantly as well. The THD value of the grid current of a single-phase bridgeless rectifier is 6.13%, while the THD value of the grid current is decreased to 4.67% after adding an LC series branch and enabling THIPWM technique.
The simulation results fully verified the effectiveness of the proposed typology and the corresponding control strategy for enhancing the RPC capability of the bridgeless rectifier about the mitigation of the possible grid current distortion.
B. EXPERIMENT RESULTS
To further verify the performance of the proposed system, an experimental prototype is built as shown in Fig. 11 . The parameters of this prototype are consistent with the above simulation. The third harmonic voltage is generated by the look-up sine table in CCS. The single-phase bridgeless rectifier and the proposed system with the THIPWM technique both are tested under leading and lagging power factor. The rectifier was assembled using two Power MOS-FET from IXYS (IXFH46N65X2 46-A 650-V) and two power diodes from Infineon (IDW15E65D2 30-A 650-V). A TMS320F28335 DSP serves as the core controller. In addition, during the experimental tests, a single-phase programmable electronic load (Chroma 63803) is utilized as the dc load resistance. The experimental results are shown in Fig. 12 and Fig. 13 . When the leading power factor is required, Fig. 12 (a) shows the waveforms of grid voltage and grid current when only a bridgeless rectifier is employed, it can be seen the grid current is severely distorted. After adding the LC series branch and enabling the THIPWM technique, it can be seen from Fig. 12 (b) that the grid current is kept in near-sinusoidal waveform with required leading displacement angle, although the input current of the bridgeless rectifier is distorted because of the injection of third harmonic voltage, which is shown in Fig. 12 (c) . The power factor angle and the THD of grid current before and after the proposed system incorporating the THIPWM technique are shown in Table 2 . When the lagging power factor is required, Fig. 13 (a) shows the waveforms of grid voltage and grid current when only a bridgeless rectifier is employed, it can be seen that the grid current is severely distorted. After adding LC series branch and the THIPWM technique is activated, the grid current is kept in near-sinusoidal waveform with required lagging displacement angle, as shown in Fig. 13 (b) , although the input current of the bridgeless rectifier is distorted seriously which is shown in Fig. 13 (c) . The power factor angle and the THD of grid current before and after the proposed system incorporating the THIPWM technique are shown in Table 3 . The experimental results are very similar to the simulation results given by Fig. 9 and Fig. 10 .
It should be pointed out that the volume of the rectifier will increase by 12% after adding the LC series branch to the traditional bridgeless rectifier. Table 4 presents the efficiency comparison between the traditional bridgeless rectifier under the unity power factor and the proposed system under the leading and lagging power factor. It can be seen that the efficiency of the proposed system is reduced by nearly 6% compared to the traditional bridgeless rectifier.
VII. CONCLUSION
In this paper, a circuit topology composed of a single-phase bridgeless rectifier and a third-order tuned LC series branch in parallel connection to the rectifier is proposed, and the corresponding control strategy using the THIPWM technique is also presented. The proposed topology with the THIPWM control strategy not only can make the whole system have much stronger RPC capability, but also make the grid current at PCC always keep in near-sinusoidal waveform with a much more extended power factor operating range. The operating principle of the proposed system is illustrated in detail, and the THIPWM technique is discussed fully with emphasize on the selection of the amplitude and initial angle of the third harmonic to be injected. The THIPWM technique adopted by this paper can make the input current and ac side command voltage of the bridgeless rectifier at the same polarity for as much time as possible and therefore mitigate the possible input current distortion. The RPC capability of the proposed system with the corresponding restriction condition is also analyzed. Simulation and experiment results validate the feasibility of the proposed system and the correctness of the theoretical analysis. The proposed system by this paper is applicable to all unidirectional rectifiers. ZHI LI was born in Lianyungang, China, in 1997. He received the B.S. degree in electrical engineering from the China University of Mining and Technology, Beijing, China, where he is currently pursuing the master's degree with the School of Mechanical Electronic and Information Engineering. His current research interests include high power multilevel converters, and modeling and control of switching converters.
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